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We present a detailed analysis of the structure dependence of the lattice thermal conductivity of
SrTiO3. We have used both ab initio Molecular Dynamic simulations and Density Functional Theory
calculations to decouple the effect of different structural distortions on the thermal conductivity.
We have identified two main mechanisms for tuning the thermal conductivity when a distortion is
applied. First, the modification of the acoustic-modes energy dispersion when a change in the lattice
parameters is imposed and second, the low energy polar modes. In particular and counterintuitively,
we have found that an increase in the angle of the oxygen octahedral rotations increases the thermal
conductivity due to its coupling to these polar modes.
I. INTRODUCTION
Complex oxides have become a major platform for dis-
covering new fundamental physical properties of mate-
rials and also for their applications in devices. From
the high-temperature superconducting cuprates[1] to the
perovskite photovoltaics,[2] understanding the underly-
ing physical properties of complex oxides is key in con-
densed matter physics and its applications. SrTiO3
(STO) and the cubic perovskite structure in general
have always been paradigmatic examples. STO serves
as a template for all sorts of oxide-based nanostructures
since many other oxides can be grown on top of it, but
also because of its own intriguing physical properties.
It is a quantum paraelectric material that undergoes a
structural transition at 105 K [3]. This is a tetragonal
(low-temperature) to cubic (higher temperature) tran-
sition accompanied of an octahedral rotation existing
in the low-temperature phase. It also becomes super-
conducting at 300 mK when doped.[4] Its nanostruc-
tures have shown all sorts of interesting physical proper-
ties: two-dimensional electron gas,[5] ferromagnetism,[6]
superconductivity,[7] a tunable Rashba effect,[8] etc.
The influence of various sorts of strain have been also
thoroughly studied, in particular the appearance of a
ferroelectric-like phase on the compressive strain limit
has been predicted [9] but not fully demonstrated experi-
mentally so far. Recently, a Poiseulle flow of phonons was
identified on STO at low temperatures [10]. However, its
thermal conductivity is probably the least studied factor
from a computational point of view [11].
Different strategies have been proposed to tune the
thermal conductivity of STO: nanostructuring [12, 13],
application of external electric fields [14], substitution
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of different kind of cations [10, 15–20], oxygen vacancies
[21–23], etc. Yet, there are interesting fundamental ques-
tions one can ask about heat transport in STO that can
serve as a platform for drawing a more general conclusion
in complex oxides and their nanostructures.
In this work, we analyze from a theoretical point of
view how different structural distortions affect the ther-
mal conductivity of STO. First, we will identify which
are the main features that determine its thermal conduc-
tivity. Then, we will see how those get modified when a
particular distortion is applied to the structure. We will
perform this analysis in both the high temperature cubic
phase and the low temperature tetragonal one.
II. COMPUTATIONAL METHODS
We report first principles calculations of the lattice
thermal conductivity (κ) for STO in its cubic and
tetragonal phases by iteratively solving the linearized
Boltzmann-Peierls transport equation of phonons with
the ShengBTE package [24]. Converged phonon mo-
menta q meshes of 15× 15× 15 were used for solving the
transport equation. In order to calculate κ, stable struc-
tures (i.e., phonon band structures without imaginary
frequencies) are required. Thus, two different methods
were used to compute each phase.
For the high temperature Pm3m cubic phase which is
unstable at 0 K, ab initio Molecular Dynamic (aiMD) cal-
culations were performed as implemented in the VASP
code [25] in order to stabilize the cubic phase that oc-
curs at high temperature. The simulations were carried
out in a 2 × 2 × 2 supercell in the canonical ensemble
at 100 K during 20000 steps of 1 fs following equilibra-
tion. The generalized gradient approximation (GGA)
in Perdew-Burke-Ernzerhof (PBE) scheme [26] was used
for the exchange-correlation term within the projector
augmented wave (PAW) method. The tolerance in the
residual forces was 10−4 eV/A˚, and the cutoff energy
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2FIG. 1. Energetic scheme of the polar modes that tune the thermal conductivity. Sr (Ti, O) atoms depicted in green (blue,
red). Black arrows illustrate the atomic displacement in the polar mode. For the cubic phase, since the three lattice parameters
are equal, the mode is triply degenerate. Decreasing the volume of the unit cell increases the frequency of the mode and hence
the thermal conductivity is enhanced. The tetragonal distortion breaks the triple degeneracy. For c/a > 1, the polar mode
along the z-axis lowers its frequency due to the bond length increase between the Ti atom and the apical O atoms of the
octahedra. Increasing the c/a ratio increases the gap between xy and z-axis modes, thus reducing the thermal conductivity.
The octahedral rotations keep the volume of the octahedra constant. However, the Sr-O bond length is reduced. This causes
an increase on the frequency of the mode producing an increase in the thermal conductivity.
for the planewave basis set was 410 eV. We have used
the temperature-dependent effective potential (TDEP)
method [27] to extract the effective interatomic force con-
stants (IFCs) that best describe the anharmonic Born-
Oppenheimer potential energy surface at a given tem-
perature from the set of supercells with displacements
generated in the aiMD.
For the low-temperature I4/mcm tetragonal phase, we
have performed first principles Density Functional The-
ory (DFT) calculations [28, 29] with the PAW method
as implemented in the quantum espresso code [30].
The GGA in the revised PBE scheme [31] was used for
the exchange-correlation term. The harmonic IFCs were
calculated using density-functional perturbation theory
(DFPT) [30, 32]. The third-order anharmonic IFCs were
computed using the real-space supercell approach [24]
with a 3× 3× 3 supercell. All the calculations were per-
formed in a converged k -mesh with a plane-wave energy
cutoff of 60 Ry for the kinetic energy and 240 Ry for
the charge density. The longitudinal optical-transverse
optical (LO-TO) splitting was included using the dielec-
tric constant and Born effective charges calculated from
linear response DFPT.
III. RESULTS AND DISCUSSION
Figure 1 shows the kind of structures we will be con-
sidering in this work, based on the perovskite structure.
We will analyze first the high temperature phase. We
will identify the main sources that determine the thermal
conductivity of STO. Then, we will proceed to analyze
the low temperature phase and how different distortions
modify the thermal conductivity.
A. The high temperature Pm3m phase
First, we start analyzing the lattice thermal conductiv-
ity in the cubic phase. This phase is the stable one at high
temperatures. We have imposed the experimental lattice
parameter of cubic STO, a0 = 3.905 A˚[33]. The calcu-
lation of the phonon band structure of this phase from
DFPT produces imaginary frequencies at the R point of
the Brillouin zone as may be expected. These unstable
modes are related to the octahedral rotations that appear
at low temperatures [34]. Figure 2 shows the phonon
3dispersion for cubic STO computed using aiMD. As we
have already mentioned, this method allows to stabilize
the high temperature phase, permitting us to compute
the thermal conductivity in the cubic phase. Its calcu-
lated value is 13.4 W/mK which is in reasonable agree-
ment with the one reported by experiments (11 (W/mK)
at 300 K)[35]. The small overestimation in our calcu-
lation may perhaps be due to the lack of impurities and
boundary scattering in our calculations as opposed to the
experimental case.
FIG. 2. Phonon lineshape in the Pm3m phase at 300 K. The
intensity of the bands represents the likelihood of exciting a
particular phonon. The high peaks of the intensity are found
at the acoustic bands and at the triply degenerate polar mode.
The order of magnitude of the STO thermal conductiv-
ity is given by the dispersion of the acoustic bands, since
these modes are the main heat carriers. Taking that into
account, in order to identify the phonon-phonon interac-
tions, we have computed and plotted in the phonon band
structure with the so called lineshape. This lineshape is
nothing else but the one-phonon neutron scattering cross
section that can be measured in inelastic neutron experi-
ments. The frequency axis is the probing energy and the
intensity represents the likelihood of exciting a phonon
at a given energy and momentum. The lineshape is re-
lated to the imaginary part of the phonon self-energy,
which can be computed via the third order force con-
stants [36–38]. The most intense peaks in the lineshape
provide the most active phonon modes in the sense of
long lifetime. In the case of STO, we can see in Fig. 2,
that they correspond to the acoustic bands and to the
triply degenerate polar mode depicted in Fig. 1. There-
fore, this helps identifying the main sources of scattering
that tune the thermal conductivity of STO. The sub-
sequent discussions will be based on how these modes
evolve under different distortions. Distortions that shift
the heat carrying modes may be expected to affect the
thermal conductivity, and in particular shifting the polar
or rotation modes to lower frequency may be expected
to more strongly scatter acoustic phonons lowering the
thermal conductivity. The triply degenerate polar mode
was previously identified, using other methods, as one of
the main sources of phonon-phonon scattering [14, 39].
Apart from that, in a recent work, this mode was also
reported to be electron-phonon active [40].
FIG. 3. Phonon lineshape for three different volumes in the
Pm3m phase at 300 K. From top panel to bottom we present
an increase in the volume of the unit cell, V0 being the experi-
mental unit cell volume. At the Γ point and between 100−200
cm−1, we identify the triply degenerate polar mode. Increas-
ing the volume decreases the frequency of the polar mode.
Moreover, the band dispersion of the acoustic modes increases
when reducing the volume.
Figure 3 shows the lineshape for three different unit cell
volumes at 300 K for a cubic structure. We can observe
that a decrease in the volume of the unit cell increases
the dispersion of the acoustic bands. It also increases the
frequency of the triply degenerate polar mode due to the
reduction of the Ti-O-atoms bond length. This increase
of the frequency (depicted in Fig. 1) reduces the phonon
4scattering. Hence, both effects on the acoustic and polar
modes produce an increase of the thermal conductivity.
The calculated values are: 7.6, 13.4 and 18.0 W/mK for
the largest unit cell volume to the smallest one respec-
tively. This increase of the thermal conductivity when
the volume of the unit cell is reduced is in agreement
with previous experiments on other family of oxides that
report an increase of κ when pressure is applied [41].
FIG. 4. Phonon lineshape for a tetragonal distortion of the
cubic phase at 300 K (c/a = 1.06). The triple degeneracy of
the polar mode is broken due to this distortion as explained
in Fig. 1. There is a softening of the polar mode along the
z-axis.
Figure 4 shows the lineshape computed at 300 K when
a tetragonal distortion is applied. This distortion keeps
the volume of the unit cell constant and equal to the ex-
perimental one, while the c/a ratio was kept fixed at 1.06.
We can see that the triple degeneracy of the polar mode
is broken as explained in Fig. 1. Since the c lattice pa-
rameter becomes larger it will increase the bond length of
the Ti with the apical O atoms of the octahedra, reducing
the frequency of the mode along the z-axis as shown in
Fig. 4. Moreover, due to the increase of the c lattice pa-
rameter and the decrease of a, the acoustic modes change
their dispersion as compared to the cubic case. The cal-
culated lattice thermal conductivity is κxx = κyy = 10.4,
κzz = 8.0 W/mK. We see that the tetragonal distortion
breaks the triple degeneracy of the κ-tensor and reduces
the thermal conductivity at 300 K. The softening of the
polar mode is the main responsible for decreasing the
thermal conductivity. The difference that we observe be-
tween cubic and tetragonal thermal conductivity would
be diminished taking into account the volume reduction
that undergoes the cubic to tetragonal phase transition,
which we have seen that has a positive effect on the ther-
mal conductivity. Furthermore, we will see in the next
subsection that including the octahedral rotations in the
tetragonal phase will increase the thermal conductivity.
Thus, the difference obtained between both phases would
be reduced by including these effects.
B. The low temperature I4/mcm phase
Below 105 K STO undergoes a phase transition from
the cubic Pm3m space group to the tetragonal I4/mcm
[3]. This tetragonal phase is characterized by the stretch-
ing of the unit cell and also by a TiO66 octahedra an-
tiphase rotation along the c axis [42]. The structure of
this phase is depicted in Fig. 1. We have optimized the
lattice parameters and the atomic positions. We have
then applied a different kind of structural distortions and
study how they affect the phonon dispersion and also
the thermal conductivity. We will see that, as obtained
for the high temperature cubic phase, the polar modes
play a fundamental role in the heat transport. The op-
timized structure that we have obtained has a0 = 3.868
A˚, c0 = 3.935 A˚, lattice parameters and α0 = 6.6
◦ octa-
hedral rotation angle in agreement with previous calcu-
lations [34]. Both c0/a0 ratio and α0 are overestimated
by GGA compared to experiment values [43]. Since the
optimized structure is a stable structure at 0 K, we can
perform the study using DFT calculations. Small distor-
tions to this structure can be applied without introduc-
ing imaginary frequencies in the phonon spectrum that
would invalidate our analysis. In this subsection we will
study the effect on the spectrum and the thermal con-
ductivity of unit cell volume, c/a ratio and octahedral
rotation angle. We will keep two of these parameters
constant while varying the third one to try to decouple
their effects.
Note that we will plot the thermal conductivity of this
low temperature phase for temperatures above 105 K, the
temperature of the structural phase transition. We do
this to make visually clear the variations in κ with each
distortion. Moreover, below 80 K the thermal conduc-
tivity is not plotted since it is dominated by the sample
dependent boundary scattering. Therefore, the realistic
temperature range for the computed κ is between 80 and
105 K.
Figure 5a shows the phonon dispersion for three dif-
ferent volumes of the unit cell. We can see that a re-
duction of the volume increases the dispersion of the
acoustic bands, thus increasing the group velocity of
the compound. We can also see that the polar modes
increase their frequency when the volume is reduced.
This causes a reduction of the phonon-phonon interac-
tion. These two consequences in the phonon spectrum
act in a positive way increasing the thermal conductivity
when reducing the volume (see Fig. 5b). This trend is
in agreement with the result obtained for the high tem-
perature cubic phase. The thermal conductivity at 100K
for the optimized structure is κzz = 16.1 W/mK and
5FIG. 5. Results for variation of the unit cell volume in the
I4/mcm phase. Octahedral rotation angle and c/a ratio are
kept constant. a) Phonon band structure for three different
volumes, in red the largest and in blue the smallest, V0 is
the optimized unit cell volume. At the Γ point and around
100 cm−1, we see that an increase in the volume reduces the
frequency of the polar modes and the phonon dispersion of
the acoustic modes increases. b) Thermal conductivity as a
function of temperature. An increase in the volume reduces
the thermal conductivity.
κxx = κyy = 14.2 W/mK. Considering that V0 is over-
estimated by GGA, these are in pretty good agreement
with the experimental value [35] and also with previous
calculations [14]. We see that a decrease of a 1% in the
unit cell volume produces an increase of around a 30%
on the thermal conductivity.
Figure 6a shows the phonon dispersion for three dif-
ferent c/a ratios. We can see that a reduction of the
c/a ratio increases the dispersion of the acoustic bands,
thus increasing the group velocity of the compound. We
can also see that the z-axis polar mode softens when the
c/a ratio is increased. Moreover, the energy gap between
this polar mode and the other doubly degenerate polar
mode increases with c/a (see Fig. 1). Figure 6b shows
the increase of the thermal conductivity when c/a is re-
duced. We observe that a decrease of 1% in the c/a ratio
produces an increase of around a 14% on the thermal
conductivity. The effect of the c/a ratio on the thermal
FIG. 6. Results for variation of the c/a ratio in the I4/mcm
phase. Unit cell volume and octahedral rotation angle are
kept constant. a) Phonon band structure for three different
c/a ratios, in red the largest and in blue the smallest, c0/a0 is
the optimized c/a ratio. The acoustic bands undergo a soften-
ing, mostly at the X point, when the c/a ratio is increased. At
the Γ point, we see that an increase of the c/a ratio decreases
the gap between the xy and z-axis polar modes. b) Thermal
conductivity as a function of temperature. Increasing the c/a
ratio lowers the thermal conductivity.
conductivity is reelatively smaller compared to the effect
of the unit cell volume. The reason for this is that one
polar mode softens and the doubly degenerate ones raise
their frequency in the case of the c/a distortion, while
the three polar modes soften when modifying the volume
(see Fig. 1), increasing the phonon-phonon scattering
and having a larger effect on κ.
Figure 7a shows the phonon dispersion for three dif-
ferent octahedral rotation angles α. We can see that
modifying α has not a big effect on the dispersion of
the acoustic bands, compared to the aforementioned vol-
ume distortions or varying the c/a ratio. We can also
see that the z-axis polar mode softens when α is reduced
(see Fig. 1). Figure 7b shows the increase of the thermal
conductivity when α is increased . We observe that an
increase of 1◦ in α produces an increase of around 14%
on κzz while only a 3% on κxx = κyy. The effect of vary-
ing α on the thermal conductivity is lower compared to
6FIG. 7. Results for variation of the octahedral rotation angle
in the I4/mcm phase. Unit cell volume and c/a ratio are
kept constant. a) Phonon band structure for three different
angles, in red the largest and in blue the smallest, α0 is the
optimized rotation angle. At Γ point at ∼ 100 cm−1, we see
that increasing the angle increases the frequency of the polar
modes. b) Thermal conductivity as a function of temperature.
Increasing the angle raises the thermal conductivity.
the effect of the two other distortions we have consid-
ered and analyzed. The main reason for this is that the
acoustic bands are barely modified by α, since there is
no change in the lattice parameters. The competition be-
tween the antiferrodistortive (octahedral rotations) and
ferroelectric phases was already studied in literature, by
suppressing the rotations one can in principle achieve a
ferroelectric phase [44–46]. We have found here that this
would lower the thermal conductivity.
IV. SUMMARY AND CONCLUSIONS
In this article we have analyzed, using a combined set
of aiMD and DFT methods, the thermal conductivity
of STO. We have studied which are the main sources
of phonon-phonon scattering and how these are modified
when a distortion is performed to the structure. We have
analyzed both, the high temperature cubic phase and the
low temperature tetragonal one.
In the cubic phase we have computed the phonon line-
shape. This allowed us to identify the acoustic bands
and the low-energy triply degenerate polar mode as the
main phonon scattering sources. The thermal conductiv-
ity that we have obtained is in good agreement with ex-
periment. A reduction of the unit cell volume was found
to increase the lattice thermal conductivity. This is as-
sociated to the increase of the acoustic bands’ dispersion
(group velocity) and also to a shift to higher energies of
the polar mode. The opposite behavior is found when
the unit cell volume is reduced. The degeneracy of the
polar modes is broken if a tetragonal distortion is applied
to that cubic phase. Due to this, the softening of the c
axis polar mode and the change in the acoustic bands’
dispersion produce a decrease in the thermal conductiv-
ity.
In the low-temperature phase we performed indepen-
dently distortions of the unit cell volume, c/a ratio and
octahedral angle rotation. We found, as in the high tem-
perature phase, that the acoustic bands and the polar
modes control the variations of the thermal conductiv-
ity. Again, a reduction of the unit cell volume increases
the acoustic bands’ dispersion and rises the polar modes
frequency, thus increasing the thermal conductivity. The
reduction of the c/a ratio (i.e., approaching a cubic struc-
ture) was found to increase the acoustic bands’ dispersion
and hence the thermal conductivity. Finally, the octahe-
dral rotation angle was found to be highly coupled to
this phonon active polar modes. We report that an in-
crease of this angle rises the energy of the polar modes,
increasing the thermal conductivity.
It is important to note that, in particular in the cu-
bic phase, the polar modes have higher frequency than
the rotational modes associated to the octahedral rota-
tions, but these occur mainly at the zone boundary and
hence have a smaller influence on the thermal conduc-
tivity (have less ability to provide scattering phase space
for the acoustic modes). Also, the polar modes are flat-
ter than the rotational modes. All this is relevant to
understand why the polar modes so strongly influence
the thermal conductivity properties in STO.
The study that we have performed here for STO could
be extended and used to understand the thermal conduc-
tivity of similar perovskite-based oxides. The effect that
the parameters we have explored: unit cell volume, c/a
ratio and octahedral rotation angle, cause on the thermal
conductivity provide a guide to design new experiments
and nanostructures based on a wide variety of oxides.
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